Poly(ethylene terephthalate) (PET) and nylon 6 films were treated with low temperature plasma in various gases, oxygen, nitrogen, hydrogen, helium, argon, methane, tetrafluoromethane, trifluoro methane, monochlorotrifluoromethane, and tetramethylsilane. The contact angles of various liquids of different surface tensions on the plasma-treated films were measured. The lowest surface tension rc (Zisman) and the highest surface tension rc, (max) of the polymers were determined on the basis of the Zisman plots. Furthermore, the contributions of nonpolar dispersion, dipole, and hydrogen bonding forces to the surface tensions for the plasma-modified polymers were evaluated by the extended Fowkes equation.
In this study the effect of low temperature plasma on surface tension of polymer films was investigated for poly(ethylene terephthalate) (PET) and nylon 6 films using glow discharge in various gases. The contact angles of various liquids, which have different surface tensions and are classified into four groups, on the plasma-modified polymer surface have been studied systematically. Then the surface tensions of the polymers were calcu lated by the Zisman plots'-") and the extended Fowkes equation proposed by Kitazaki and Hatas,") and discussed in terms of the chemical constitutions of the polymer surface characterized by ESCA.
EXPERIMENTAL
PET and nylon 6 films were washed with benzene and acetone for 10 hrs each, followed by distilled water.
Glow discharge was generated using Yamato Plasma Generator PR-501A (Yamato RF Generator Model RFG-500A and Yamato Plasma Chamber Model PC-101A). The current frequency was 13.56 MHz. Gases used in this experiment were oxygen, nitrogen, hydrogen, helium, argon, meth ane, tetrafluoromethane, trifluoromethane, mono chlorotrifluoromethane, and tetramethylsilane. Discharge power was kept constant at 300 W. All plasma treatments were carried out at a pressure of 1 tort for 3 min. After exposure of the plasma the samples were allowed to stand in air for seven days and then subjected to the measurements of contact angle and ESCA.
The contact angle of a liquid on the film surface was measured using a Contangleometer (Elma Optics Co.). Table 2 . It is obvious that the surface tension of the PET film depends on the gas type employed. As is apparent from the data in Table 2 , the surface tension r. (max) of the oxygen plasma-treated film is the order of 56 dyne/cm, which is higher than that of the control film. The PET film is changed to higher energy surface after irradiation in plasma of oxy gen. Also nitrogen, helium, and argon plasma treatments give high energy surfaces similar to the case of oxygen plasma treatment, forming hydro phobic PET surfaces. In marked contrast, with tetrafluoromethane and trifluoromethane plasmas the value of rc (max) is as low as 20 dyne/cm, indicating considerably lower energy surface than that of the untreated sample (46 dyne/cm). A Table 2 Surface tensions of polyethylene terephthalate) films treated with low temperature plasma remarkably high surface tension is obtained by the treatment with monochlorotrifluoromethane plasma as compared with tetrafluoromethane and trifluoromethane plasmas. The surface tension rc (max) of the film subjected to the plasma treatment with CCIF3 is the order of 44 dyne/cm, which is similar to that of the control and much higher than that of the CF4 or CHF3 plasma treatment. The tetramethylsilane plasma treatment also shows a low rc (max) value as compared to the control.
The surface tension of the plasma-modified films was divided into three components, nonpolar dispersion force Ya, dipole force rs, and hydrogen bonding force rs, which can be calculated by the extended Fowkes equation."" The results ob tained are summarized in Table 2 also. The hydrogen bonding force rs is increased markedly but the nonpolar dispersion force rg is decreased by the plasma treatments with oxygen, nitrogen, helium, and argon. Therefore it is apparent that an increase in surface tension by these plasmas is due to the substantial increase in the hydrogen bonding force. The lower values of surface tension observed for exposure of tetrafluoromethane and trifluoromethane plasmas are attributed to the lower dispersion force ras. The value of ras for CC1F3 is very close to that of the control but significantly higher than that for CF4 or CHF3.
Comparison was also made with two-step processes of plasma treatment: oxygen and then tetrafluoromethane plasma treatment (02 CF4 ) 
Chemical compositions of PET surface
The wettability of a polymer matrix is related to the presence of a particular functional group that resides in the outermost surface layer. Thus the plasma-treated PET films were characterized by ESCA to identify the species present in their surface layer. The oxygen, nitrogen, helium, and argon plasma treatments lead to an increase in Drs intensity and a decrease in C5 intensity (Table 3) . The corresponding value for the control sample is 0.38. From these data it is evident that the films treated with these gases, in particular oxygen, exhibit higher 0is/Cl, value in comparison with the untreated film. The information available from the ESCA experiment indicates that the plasma treatments with these gases lead to an increase in Table 3 ESCA relative intensity of surface atoms of poly (ethylene terephthalate) films treated with low temperature plasma oxidative functionality. It has been pointed out already that some oxidation of carbon and the possible addition of oxygen at the surface occur during exposure of plasma or due to a postreaction of trapped free radicals with oxygen from the atmosphere. 12, 13) In the case of nitrogen, helium, and argon plasma treatments, it is suggested that living radicals formed by the plasma treatments incorporate oxygen atoms into the polymer surface immediately after the sample is taken out from the plasma chamber. Surface oxidation occurs also. As a result of plasma-induced oxygen incorporation into the PET surface, the contri bution of the hydrogen bonding force rs of oxygen, nitrogen, helium, and argon plasma-treated samples becomes significant and thereby the surface tension increases as mentioned above. The relationships between r, (Zisman) or ra and the O1S/Cls value are represented in Figure 2 . As is readily evident in Figure 2 , a good correlation exists between them: an increase in surface tension is attributable to an increase in the Olg/Cls ratio.
The plasma treatments with CF4 and CHF3 incorporate over 50% of Fl, whereas the values of Cls and 01, decrease considerably. It is suggested that the plasma treatments with these gases lead to their polymerization or chemical modification on the polymer surface. The intro duction of fluorine atom is effective to decrease the dispersion force rs and thereby diminishes the surface free energy of the film. The CCIF3 gas shows ESCA spectra very different from the CF4 and CHF3 gases. The extent of fluorine incorporation is much less than that produced by CF4 or CHF3 plasma. However chlorine atoms tend to be incorporated into the polymer surface and 24% of Cl element is introduced when exposed to CC1F3 plasma. The surface tension r8 of the CC1F3 plasma-treated film is the order of ca. 48 dyne/cm, which is almost the same as that of the control film. Table 2 indicates that Cl atoms enriched increase the nonpolar dispersion force re. Exposure to tetramethylsilane plasma produces a substantial amount of Si incorporation (ca. 21%) in the PET surface and hence reduces its surface tensions, rc (Zisman) and rc (max). It is described that tetramethylsilane and its related compounds are polymerized by plasma discharge to form film. 14, 15) The treatment leads to the formation of hydrophobic polymer surface. It is likely that water repellency of the PET film is more enhanced by CF4 or CHF3 plasma than (CH3)4Si plasma. The plasma modification with these gases is useful for the water repellency of the film in dry system. The values of rc (Zisman) and rc (max) and the components of surface tension are listed in Table 4 . The general trends found in the surface tensions of the plasma-treated nylon 6 films are very similar to those observed with PET: nylon 6 is affected similarly by the plasma treatments with the various gases. However the contribution of rcs to rs for untreated nylon 6 is substantially larger than that for untreated PET because the amide groups of nylon 6 can form hydrogen bonding with polar liquids.
It has been suggested that wettability of a polymer matrix is also related to its surface morphology, in particular surface roughness even though the chemical constitution of the polymer surface is unchanged. Thus the relation between the surface tension and the change in the surface roughness by plasma treatment will be described in subsequent papers.
